The coupling reaction of 3-aryl (or heteroaryl) acrylonitriles with several aryl and heteroaryl iodides (Heck reaction) under Jeffery's conditions has been studied as a concept to synthesize, in a stereospecific manner, trisubstituted olefins.
The palladium(0)-catalyzed reaction of aryl and alkenyl halides with alkenes (the Heck reaction) has now become a well-established synthetic method for the formation of carbon-carbon bonds. 1 The Heck reaction gives, in general, excellent results with monosubstituted or 1,1-disubstituted olefins, but only few examples of arylation and alkenylation of 1,2-disubstituted or trisubstituted alkenes have been reported. 2 As the established mechanism of the Heck reaction includes syn addition of an organopalladium intermediate (e.g. Ar-Pd-X) to the olefin 1 and syn elimination of palladium hydride H-Pd-X, it can afford stereospecifically the final olefin 2 (Scheme 1). An unprecedented case of stereoselectivity was reported by Buchwald et al. in Heck arylations of 1,1-and 1,2-disubstituted olefins, e.g., cinnamates and methacrylates in the presence of bulky amines, that seems to be thermodynamically controled in nature. 
Scheme 1
We have reported in a previous short communication the stereospecific preparation of (E)-and (Z)-3,3-diarylacrylonitriles by Heck reaction. 2d We obtained them in highly diastereoselective Pd-catalyzed Heck reactions under Jeffery's conditions between (E)-cinnamonitriles and aryl iodides. However, to the best of our knowledge, no other cases of b-arylation of cinnamonitriles by Heck reaction have been reported since then. To widen the scope of this powerful methodology, we decided to investigate the stereospecific preparation of 3,3-disubstituted acrylonitriles involving some heteroaromatic systems such as thiophene, pyridine and ferrocene derivatives. Introduction of ferrocene moieties can be relevant for potential applications of ferrocenylacrylonitriles as electrochemically switchable non-linear optical materials. 3 In Scheme 2 and in Table 1 we present our results on the Heck reaction in obtaining stereochemically pure 3,3-disubstituted acrylonitriles 9-12. Compounds 9, 11 and 12 bearing aryl, thienyl and pyridyl groups, respectively, have been prepared non-sterereoselectively from benzophenones either by aldol or Wittig-type reactions. 4 3,3-Disubstituted acrylonitriles containing ferrocene units, 10, have been prepared by condensation of ferrocenyliminium salts and cyanoacetate esters, followed by saponification and decarboxylation to give equal amounts of the isomeric cyano olefins. 5 The reaction of (E)-cinnamonitrile (3e) with several parasubstituted aryl iodides 7a-h gives (E)-3,3-diarylacrylonitriles 9a-h with high stereoselectivity. After some optimization, a procedure employing Pd(OAc) 2 /KOAc/nBu 4 NBr in DMF (Jeffery's conditions) 6 was very effective in coupling cinnamonitriles with both electron-rich and electron-poor aryl iodide substrates. In most cases Z isomers could not be detected (entries [1] [2] [3] [4] [5] [6] 8) . For aryl iodides with electron-withdrawing substituents (Entries 6-8), longer reaction times and higher temperatures were required. In order to obtain the Z isomers, cinnamonitriles 3a-d,f,h were made to react with iodobenzene 7e under the already defined Jeffery's conditions. In all cases the reactions were completely stereoselective (entries [9] [10] [11] [12] [13] [14] . The stereochemistry of (E)-9b and (Z)-9h were corroborated by NOE experiments, all other 3,3-diarylacrylonitriles 9 are supposed to belong to the same stereochemical families.
These results prompted us to investigate the arylation of 3-heteroarylacrylonitriles such as (E)-3-ferrocenylacrylonitrile [(E)-4], (E)-3-(2-thienyl)acrylonitrile (5) and (E)-3-(3-pyridyl)acrylonitrile (6) with electron-rich aryl iodides in order to broaden the scope of the reaction. A high activity has been observed for ferrocenylacrylonitrile (E)-4, requiring lower reaction times than for the corresponding cinnamonitriles 3 to give (Z)-10b-e. In contrast, E isomers were also formed in these cases, although in low yields (entries [15] [16] [17] [18] . f 5-9% of regioisomers formed by arylation in the a-position of (Z)-4 were obtained.
g By products arising from arylation of thiophene ring were formed. 7 we prepared 3-ferrocenylacrylonitrile (4) by coupling acrylonitrile with iodoferrocene using Jeffery's conditions. We obtained compound 4 in 89% yield as a mixture of E and Z isomers (81:19). An alternative method to prepare ferrocene-containing (E)-10 isomers would be the reaction between (Z)-3-ferrocenylacrylonitrile [(Z)-4], with aryl iodides (Entries 19 and 20) . In the case of aryl iodides 7b,c, we could isolate the corresponding E isomer, (E)-10b,c, but only in 28 and 24% yield, respectively. In both cases, no traces of the (Z)-isomer could be detected, but 5-9% of regioisomers formed by arylation in the a-position of ferrocenylacrylonitrile (Z)-4 could be isolated.
We next turn our attention to the reactions of thienylacrylonitrile (5) and pyridylacrylonitrile (6) In order to obtain the E isomers of thienyl and pyridyl derivatives, 2-iodothiophene and 3-iodopyridine (8) were treated with several cinnamonitriles 3 under the usual conditions. The reaction with 2-iodothiophene did not afford the corresponding trisubstituted olefin. Apart from our optimized Jeffery's conditions, several other catalytic systems were tried [Pd(OAc) 2 , n-Bu 4 NBr, Cy 2 NMe, DMF, 110 °C; Pd 2 (dba) 3 , TFP, Cy 2 NMe, toluene, 100 °C; Pd 2 (dba) 3 , TFP, Et 3 N, THF, 60 °C; Pd(OAc) 2 , Ph 3 P, Ag 2 CO 3 , DMF, 80 °C] but all of them failed. In most cases, we could observe that 2-iodothiophene was consumed in the reaction process, leaving some deep red residue, possibly polymeric material from 2-iodothiophene homocoupling as has been reported 8 under the same Jeffery's conditions. On the other hand, acrylonitrile reacts with 2-iodothiophene under Jeffery's conditions to give 5 in quantitative yield and with E/Z ratio = 75:25. Thereby, we can conclude that the arylation of cinnamonitriles using different catalytic systems has some limitations with iodoferrocene and 2-iodothiophene as the arene substrates.
In contrast, 3-iodopyridine (8) was coupled with cinnamonitriles 3e,d to give trisubstituted olefins in moderate yields (Entries 25-26). Higher temperature than in the other cases was required still giving high stereoselectivity.
The stereochemistry of (E)-12e and (E)-12d was established by NOE experiments on pure isomers.
In summary, we have found a versatile Heck reaction that provides a highly stereoselective route to trisubstituted olefins through reactions of aryl and heteroaryl iodides with 3-monosubstituted acrylonitriles, containing aryl, heteroaryl, and ferrocenyl units. 1 H NMR ( 13 C NMR) and NOE spectra were recorded at 250 MHz (62.5 MHz) or at 200 MHz (50 MHz) using Me 4 Si as internal standard. Chemical shifts are given in d units. EI mass spectra were recorded at 70eV. ESI mass spectra were acquired using a Navigator quadrupole instrument; the instrument was operated in the positive ion mode (ES+) at a probe tip voltage of 3 kV. HRMS was obtained at 'S.C.A.I. Unidad de Espectrometría de Masas de la Universidad de Córdoba'. Elemental analysis were determined at 'Servei d'Anàlisi Química de la Universitat Autònoma de Barcelona' and at 'Servei d'Anàlisi de la Universitat de Girona'.
Cinnamonitrile (3e), para-substituted phenyl iodides 7a-b and 7d-h, and 3-iodopyridine (8) (5) and (E)-3-(3-pyridyl)acrylonitrile (6) were prepared by KOH-catalyzed condensation of MeCN with aldehydes according to a reported procedure. 10 Pure E isomers were isolated by recrystallization [(E)-3, (E)-4 and 6] or by flash chromatography (5) . Compounds 3a,c were obtained in the same reaction from 4-acetylaminobenzaldehyde, partial hydrolysis affording 3c. Physical constants of these a,b-unsaturated nitriles are specified below. Iodoferrocene was prepared according to a reported procedure. 15 All palladium-catalyzed reactions were carried out under nitrogen atmosphere.
(E)-3-(4-Methoxyphenyl)-3-phenyl-2-propenenitrile [(E)-9b]; General Procedure
Cinnamonitrile (3e The following compounds were prepared and isolated according to the general procedure. The reaction time and the temperature for every case are specified in the Table. (E)-3-(4-Aminophenyl)-3-phenyl-2-propenenitrile [(E)-9a] After purification by flash chromatography (n-hexane-EtOAc, 70:30), (E)-9a was obtained. (15) .
(E)-3-(4-Chlorophenyl)-3-phenyl-2-propenenitrile [(E)-9f]
After purification by flash chromatography (n-hexane-Et 2 O, 90:10), (E)-9f was obtained with traces of cinnamonitrile 3e. Yield was calculated by 1 H NMR integration. A pure sample of (E)-9f was isolated by distillation.
Yield: 73%, 81% with respect to non-recovered cinnamonitrile; colorless oil; bp 230-235 °C (bulb-to-bulb distillation)/0.1mmHg. 
IR (neat)
:
(E)-3-(4-Acetylphenyl)-3-phenyl-2-propenenitrile [(E)-9g]
After purification by flash chromatography (n-hexane-EtOAc, 85:15), (E)-9g was obtained. 
(E)-3-[4-(Trifluoromethyl)phenyl]-3-phenyl-2-propenenitrile [(E)-9h]
After purification by flash chromatography (n-hexane-CH 2 Cl 2 , 60:40), (E)-9h was obtained together with recovered cinnamonitrile 3e. Yield was calculated by 1 H NMR integration. A pure sample of (E)-9h was isolated by recrystallization from n-pentane.
Yield: 28%, 58% from non-recovered cinnamonitrile; colorless solid; mp 82-84 °C. 
(Z)-3-(4-Aminophenyl)-3-phenyl-2-propenenitrile [(Z)-9a]
After purification by flash chromatography (n-hexane-EtOAc, 70:30), (Z)-9a was obtained. 
(Z)-3-(4-Methoxyphenyl)-3-phenyl-2-propenenitrile [(Z)-9b]
After purification by flash chromatography (n-hexane-EtOAc, 90:10), (Z)-9b was obtained. = 24.3, 93.5, 118.3, 119.3, 128.5,  130.3, 132.1, 138.8, 140.1, 163.1, 169 Anal. Calcd for C 16 H 10 F 3 N: C, 70.33; H, 3.69; N, 5.13. Found: C, 70.15; H, 3.63; N, 5.14.
(Z)-[2-Cyano-1-(4-methoxyphenyl)ethenyl]ferrocene [(Z)-10b]
After purification by flash chromatography (n-hexane-EtOAc, 95:5), (Z)-10b was obtained. 
(Z)-3-(4-Methoxyphenyl)-3-(thien-2-yl)-2-propenenitrile [(Z)-11b]
After purification by flash chromatography (mixtures of n-hexaneEtOAc of increasing polarity from 95:5 to 90:10), 11b was obtained as a mixture of Z and E isomers (93:7). The ratio Z/E was calculated by 1 H NMR integration. A pure sample of (Z)-11b was isolated by vacuum distillation.
Yield: 48%, 56% with respect to non-recovered (E)-3-(2-thienyl)acrylonitrile (5) 
(Z)-3-(4-Aminophenyl)-3-(pyridin-3-yl)-2-propenenitrile [(Z)-12a]
After purification by flash chromatography (mixtures of n-hexaneEtOAc of increasing polarity from 9:1 to 4:6), 12a was obtained as a mixture of Z and E isomers (95:5). The ratio Z/E was calculated by 1 H NMR integration. A pure sample of (Z)-12a was isolated by recrystallization from n-hexane-EtOAc.
Yield: 55%, 66% with respect to non-recovered (E)-3-(3-pyridyl)acrylonitrile (6) 
(Z)-3-(4-Methoxyphenyl)-3-(pyridin-3-yl)-2-propenenitrile [(Z)-12b]
After purification by flash chromatography (mixtures of n-hexaneEtOAc of increasing polarity from 7:3 to 1:1), (Z)-12b was obtained. A pure sample of (Z)-12b was isolated by distillation.
Yield: 58%, 65% with respect to non-recovered (E)-3-(3-pyridyl)acrylonitrile (6); colorless oil; bp 215-220 °C (bulb-to-bulb distillation)/5mmHg. 
(Z)-3-(4-Methylphenyl)-3-(pyridin-3-yl)-2-propenenitrile [(Z)-12d]
After purification by flash chromatography (mixtures of n-hexaneEtOAc of increasing polarity from 9:1 to 6:4), (Z)-12d was obtained. A pure sample of (Z)-12d was isolated by distillation.
Yield: 69%, 80% with respect to non-recovered (E)-3-(3-pyridyl)acrylonitrile (6) 
